Divalent metal ions, usually Mg 2+ , are required for both DNA synthesis and proofreading functions by DNA polymerases (DNA Pol). Although used as a non-reactive cofactor substitute for binding and crystallographic studies, Ca 2+ supports DNA polymerization by only one DNA Pol, Dpo4. Here, we explore whether Ca 2+ -driven catalysis might apply to high-fidelity (HiFi) family B DNA Pols. The consequences of replacing Mg 2+ by Ca 2+ on base pairing at the polymerase active site as well as the editing of terminal nucleotides at the exonuclease active site of the archaeal Pyrococcus abyssi DNA Pol (PabPolB) are characterized and compared to other (families B, A, Y, X, D) DNA Pols. Based on primer extension assays, steady-state kinetics and ion-chased experiments, we demonstrate that Ca 2+ (and other metal ions) activates DNA synthesis by PabPolB. While showing a slower rate of phosphodiester bond formation, nucleotide selectivity is improved over that of Mg 2+ . Further mechanistic studies show that the affinities for primer/template are higher in the presence of Ca 2+ and reinforced by a correct incoming nucleotide. Conversely, no exonuclease degradation of the terminal nucleotides occurs with Ca 2+ . Evolutionary and mechanistic insights among DNA Pols are thus discussed.
INTRODUCTION
Accurate replication and repair of cellular DNA is necessary to preserve the integrity of the genome during cell division (1) . DNA synthesis is carried out by HiFi DNA Pols (families A, B, C and D) in the three domains of life (2, 3) that selectively incorporate the correct nucleotide opposite the template base. Several factors, such as the structural constraints of the active site, base-pair geometry, base-pair hydrogen bonding and flexibility of the template contribute to base selection (4) (5) (6) . Additionally, there is a 3 -5 exonuclease activity or proofreading function which can excise incorrect nucleotides from extending primers, thereby improving fidelity (7) . Thus, shuttling the 3 -OH group with the mismatched nucleotide from the polymerase to the exonuclease active site for removal and, thereafter from the exonuclease to the polymerase active site and delays the rate of DNA polymerization (8) . Mechanistic details of the interplay between DNA polymerization and proofreading functions which can account for accurate DNA synthesis have mainly been studied in bacterial DNA Pols (9) (10) (11) (12) (13) . Catalytic centers in charge of DNA polymerase and exonuclease activities are located in separate domains and DNA Pol structures with primer/template (p/t) DNA bound in either the polymerase or the exonuclease mode are distinct (10, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
The polymerase domain is generally composed of three subdomains (the palm, thumb and fingers), each of which plays a crucial role in the polymerase reaction (6, 17) . Modeled on Escherichia coli DNA PolI, the established dogma for DNA polymerization catalysis utilizes a 'two-metal-ion' mechanism for nucleotidyl transfer which involves three highly conserved carboxylate residues and two metal ions (24) (25) (26) . The catalytic metal ion (metal A) is thought to lower the pK a of the 3 -OH of the terminal primer for attack of the nucleotide ␣-phosphate. The nucleotide binding metal (metal B) coordinates the triphosphate moiety and assists the departure of the pyrophosphate (PPi). Both metal ions stabilize the expected pentacovalent transition state of the nucleotidyl-transfer reaction (27) . Collectively, on the basis of crystal structures for various non-reactive DNA Pol ternary complexes, the two-metal ion mechanisms has been proposed (20, (28) (29) (30) (31) (32) (33) , in which the deprotonation of the 3 -OH of the DNA primer is representing the primary activation event in the chemical step for nucleotide incorporation (34) . Recently, high-resolution low fidelity DNA Pol (Families X and Y) structures demonstrated that an additional metal ion is transiently involved in catalysis (35) (36) (37) , thus reconsidering the metal-ion mechanism for nucleotide in-corporation (38) . Although not captured by time-resolved X-ray crystallography, a third metal ion has also been observed in the catalytic site of yeast DNA Pol␦ (19) . Whether the three-metal ion mechanism applies to this HiFi family B DNA Pol has to be demonstrated. Overall, these findings indicate that metal ions dynamics plays a crucial role in promoting the catalytic steps during the reaction and account for the flexibility of the active site.
When present, exonuclease activity can be seen in either a separate domain (Eukaryotic Pol ⑀, ␦, ␥ , bacterial PolII and PolI, bacteriophages T4, T7 and RB69, and archaeal PolB) (19, 22, 23, (39) (40) (41) (42) (43) (44) (45) or subunit (Bacterial PolIII and archaeal PolD) (46) (47) (48) (49) (50) of the DNA Pol, acting to remove mismatched nucleotides from the 3 -end of the nascent strand. When two metal ions are found in the exonuclease active centers of proofreading DNA Pols, the DNA hydrolysis reaction is thought to proceed by a two-metal-ion mechanism analogous to the one responsible for DNA polymerization (27) . However, despite several crystal structures for nonreactive DNA Pol binary complexes and uncountable biochemical studies, the detailed catalytic mechanism and the precise roles of these metal ions in the exonuclease active site still remain open questions (24, 33, 41, (51) (52) (53) .
Magnesium is by far the most frequently utilized metal ion cofactor by DNA Pols for both DNA synthesis and editing functions, reflected by its natural abundance in the cells (54) (55) (56) . This metal ion is characterized by a small atomic radius (0.86Å) and elevated hardness, making it suitable for coordination to oxygen atoms (57) . DNA Pols are able to use other divalent cations such as Mn 2+ , Ni 2+ , Co 2+ and Be 2+ , but the accuracy and efficiency of DNA synthesis is strongly altered compared to Mg 2+ (58) (59) (60) (61) (62) . Commonly used as non-reactive cofactor of DNA polymerization or for slowing reaction rates, Ca 2+ ions are consistently bound to a specific region in the active site in crystals of ternary complexes (Pol/DNA/nucleotide) (19, 35, 43) and enable probing of local DNA conformational changes at the primertemplate junction (11, 63) . Little is known about the mechanism of inhibitory effects of Ca 2+ on exonuclease activity of HiFi DNA Pols and activity-modulating metal ions is usually restricted to Mg 2+ and Mn 2+ (24, 26, 41, 64) . Moreover, metal ion dynamics have not been experimentally observed in exonuclease active sites of HiFi DNA Pols.
To date only the family-Y DNA Pol, namely Dpo4 or Sulfolobus solfataricus P2 (S. solfataricus) DNA Pol IV, has been described to utilize Ca 2+ as a cofactor for DNA polymerization. Compared to Mg 2+ , the DNA synthesis rate is considerably reduced and the formation of full-length products is slower (65) . Clearly, Dpo4 seems to have evolved variable metal ion usage for catalysis (65, 66) , which might serve to regulate polymerase activity in such hyperthermophilic aerobe microorganism.
Here, we sought to analyze whether Dpo4 is the only example evolutionary drifting of the metal ion catalytic mechanism in DNA Pols to satisfy particular environmental requirements. The family-B DNA Pol from the hyperthermophilic archaeal strain Pyrococcus abyssi GE5 (PabPolB) has been used to explore the evolutionary possibilities of metal ion usage in DNA polymerizing and editing functions. PabPolB like most family-B of the Thermococcales order of the Euryarchaeota phylum shows hyperthermosta-bility, accurate and processive DNA synthesis, making the enzyme favored for PCR (67) . PabPolB is able to synthesize long DNA fragments (7-8 kb) but cannot extend and displace RNA primers which differs from family-D DNA Pol (PabPolD) (68) . Although demonstrated in only a few Archaea (Halobacterium sp. NRC-1, Methanococcus maripaludis and Thermococcus kodakarensis), genetic inactivation of the two encoding subunits of PolD resulted in lethality assigning an essential role of the enzyme to DNA replication (69) (70) (71) . Interestingly, PolD has a unique architecture sharing molecular core similarities with RNA Pol and Mre11, respectively, within the polymerase and exonuclease domains, which clearly differs from eukaryotic and bacterial replicative DNA Pols (50) . On the other hand, the physiological importance of PolB is less clear. While PolB knockout M. maripaludis and T. kodakarensis were viable, Halobacterium sp. NRC-1 PolB-null cell lines were defective for cell proliferation (69) (70) (71) . Whether PolB and/or PolD act selectively on opposite DNA strands at the replication fork in these euryarchaeal strains is not yet conclusive and remains to be precisely defined. Like many HiFi family-B DNA Pols, PabPolB has been functionally characterized in the presence of Mg 2+ neglecting the possibility of using other divalent metal ions. In this study we demonstrate that PabPolB can perform DNA synthesis in the presence of Ca 2+ while exonuclease degradation is inactivated. The results also indicate that the rate of DNA synthesis is reduced with Ca 2+ compared to Mg 2+ . Moreover, PabPolB shows a higher degree of selectivity for dNTP and a more pronounced affinity for the DNA template in the presence of Ca 2+ . Finally, we ask whether Ca 2+ -induced DNA synthesis is widespread among different DNA Pol families in various organisms from Archaea to eukaryotes and found that it is restricted to thermophilic archaeal families B (B/B1 and B3 only), families Y and D to a lower extent, and bacterial family A DNA Pols. The catalytic promiscuity related to metal ion usage by DNA Pols is thus discussed.
MATERIALS AND METHODS

Enzymes and DNA substrates
Wild-type (PabPolB exo+) and exonuclease-deficient (PabPolB exo−) (D215A) were produced and purified as previously described (22, 72) . PabPolD was produced and purified as already reported (73) . Bacterial recombinant clone for production of family B DNA Pol from the mesophilic crenarchaeon Methanosarcina acetivorans (MacPolB) was kindly gifted by Isaac K. O. Cann, and purification was achieved as previously described (74 Research, 2017, Vol. 45, No. 21 12427 from MP biomedicals and Promega. Families B DNA Pols from the hyperthermophilic crenarchaeon S. solfataricus (SsoPolB1, SsoPolB2, and SsoPolB3) and Aeropyrum pernix (ApePolB1, ApePolB2, and ApePolB3) were purified as reported previously (75, 76) using plasmids kindly provided by Yoshizumi and Sonoko Ishino as well as by Francesca Pisani for SsoPolB1 clone (77) . DNA Pols were initially titrated in our reaction conditions and controlled to be defective for polymerase and exonuclease activities in the absence of metal ions.
All oligonucleotides were purchased from Eurogentec (Seraing, Belgium). The unlabeled and labeled (Cy5 and HEX) oligonucleotides were respectively purified by RPcartridge and RP-HPLC. Complementary primers (P) were annealed respectively to the oligonucleotides and sscM13 (single-stranded circular M13mp18 DNA) templates (T) at a 1:1 and 1:3 molar ratio in 10 mM Tris-HCl, pH 8.0, and 50 mM NaCl, by heating at 75 • C for 15 min followed by cooling to room temperature.
To avoid activity because of trace amounts of metal ion contaminations, ultra pure deionized water (Milli-Q system, Millipore) and high purity chemicals were used. Degradation of the fluorescent-labeled 17-mer primer annealed to the 87-mer template was carried out as described above except that dNTPs were omitted from the reactions.
Primer-template extension and exonuclease assays
The concentrations of DNA Pols were identical to the ones chosen for extension reactions. Degradation (%) is calculated as band intensity of cleavage products as a percentage of total lane intensity.
Extension reactions of the fluorescent-labeled 32-mer primer 5 -Cy5-TGCCAAGCTTGCATGCCTGCAGGTC GACTCTA-3 annealed to the M13mp18 template (7 nM) were performed in 20 l of 50 mM Tris (pH 8.8), 1 mM DTT, 10 mM KCl, MgCl 2 or CaCl 2 at the indicated concentrations and 200 M each of dNTPs. DNA polymerization was initiated by addition of 200 nM of Parabola exo+/exoand was conducted at 60 • C for the indicated times. Reactions were quenched on ice by addition of 40% formamide and a 2-fold excess of EDTA over divalent metal ions, before heating at 100 • C for 5 min. Products were resolved on 1% (w/v) alkaline agarose gel and visualized with a Mode Imager Typhoon 9400. DNA ladders (Raoul markers, MP Biomedicals) were run into the same gel and revealed separately as described (73) .
Single nucleotide incorporation and steady-state kinetic analysis
Single nucleotide incorporation opposite G template base was measured as described above using the fluorescentlabeled 26-mer primer 5 -Cy5-TGCCAAGCTATGCCT GCAGGTCG-3 annealed to the 34-mer template 5 -GGA TCCTGCGACCTGCAGTGCAAGCTTGGCA-3 . For steady-state kinetic analysis, either dCTP or dTTP at the indicated concentrations (Supplementary Figure S3 ) were used. Time points and Parabola amounts were set so that maximal product formation was ≤20% of the substrate concentration. The evaluation of the kinetic parameters K m , V m and k cat have been described previously (73) .
Primer-template affinity measurements by steady-state fluorescence anisotropy
The binding of 3 -hexachorofluorescein (HEX)-labeled primed synthetic oligodeoxynucleotides by PabPolB exo− was determined by measuring the steady-state fluorescence anisotropy parameter using a spectrofluorometer equipped with polarizers (FL920, Edinburgh Instruments, UK) in a cell thermostatically held at 25 • C. The excitation and emission wavelengths were adjusted to 525 nm (2 nm bandpass) and 555 nm (20 nm bandpass), respectively. Primertemplates were prepared by mixing 5 -CGCCGGGCCGA GCCGTGC-3 (primer) with 5 -HEX-AGGTCGTGCAC GGCTCGGCCCGGCG-3 (template) in 20 mM Tris-HCl (pH 8), 300 mM NaCl and 1mM EDTA a 1:1 molar ratio and by heating at 95 • C for 5 min, followed by cooling to room temperature. Titrations were performed in 20 mM sodium-succinate (pH 6), 100 mM NaCl by increasing concentrations of PabPolB exo− (up to 600 nM) to 5 nM of Hex-labeled primer/template complemented with either 5 mM Ca 2+ or 5 mM Mg 2+ and with saturating amounts of non-hydrolyzable nucleotide dApNHpp (100 M) or non-hydrolyzable nucleotide dGpNHpp (1000 M) (Jena Bioscience GmbH). Using a vertical direction for the polarized excitation source, the steady-state fluorescence anisotropy (r) was calculated according to the equation, r= (I V -IH)/I V +2*I H ) where I V and I H correspond to the parallel (vertical) and perpendicular (horizontal) fluorescence emission intensity components, respectively. The equilibrium dissociation constant (K D ) characterizing the p/t-PabPolB complex was calculated by fitting the plot of r versus PabPolB concentrations with a Hill model using the IgorPro Software (Wavemetrics).
RESULTS
Catalytic activities of PabPolB mediated by Mg 2+ or Ca 2+
PabPolB, like other HiFi DNA Pols (families A, B, C and D) requires divalent metal ion to support both DNA polymerization and exonuclease degradation. The ability of Ca 2+ ions to substitute for Mg 2+ during DNA polymerization and primer degradation is shown in Figure 1 . When extension of the primer (Cy5-labeled primer, 17 bases long, annealed to a template 87 bases in length) was measured in the presence of Ca 2+ , DNA synthesis was almost comparable to Mg 2+ ( Figure 1B ). Similar profiles of extended products were observed and the optimum of DNA polymerization was obtained at 5 mM (∼48 and ∼46% full-length products with Mg 2+ and Ca 2+ , respectively). Primer extension was clearly activated by addition of either Ca 2+ or Mg 2+ and not provided by the enzyme or other contaminants as conferred by the absence of extended products when metal ions were omitted. Interestingly, time course experiments carried out at constant metal ion concentrations (5 mM) highlighted distinct rates of primer-extension ( Figure 1C ). Full-length extension products began to accumulate at 4 min and only 30 s with Ca 2+ and Mg 2+ , respectively. In general, low molecular weight products accumulated in the shortest time points (≤4 min) in the presence of Ca 2+ compared with Mg 2+ , suggesting that PabPolB likely acts distributively or/and is slow in elongation. At 30 min, similar rates of extended primers were observed. Figure 1D shows the capability of Ca 2+ or Mg 2+ to serve as metal activator for primer degradation by the exonuclease activity of PabPolB. In the tested conditions, Mg 2+ activated hydrolysis and the optimum was 5 mM, with most of the full-length 17-mer primer degraded to ∼8-mer. With Ca 2+ or in the absence of an added metal ion, no excision of the 3 -terminal base was detected. These results highlight that Mg 2+ triggers both exonuclease and DNA polymerization activities with similar requirement but indicate that Ca 2+ can only serve as a metal activator for DNA polymerization. Since the reaction conditions produced no detectable Ca 2+ -activated hydrolysis, increased amounts of PabPolB, longer incubation time, pH and counterion variations have been applied (Supplementary Figure S1B-D). In any case, no primer degradation was observed compared to Mg 2+ .
Modulation of DNA polymerization by PabPolB with Mg 2+ or Ca 2+ on primed-M13mp18 DNA template
Since Mg 2+ and Ca 2+ -mediated DNA polymerization were almost comparable on short p/t oligonucleotides, this raises the question of DNA polymerization efficiency on p/t with larger size and topology. Using primed-M13mp18 DNA template, PabPolB carried out full-length DNA synthesis (7249-nt) over a broad range of Mg 2+ concentrations (Figure 2B) . At 5 mM, maximum amount of full-length DNA products were synthesized but higher Mg 2+ concentrations (10-30 mM) became inhibitory. Interestingly, full-length DNA synthesis was never obtained in the presence of Ca 2+ even at the 5 mM optimum described on short p/t. The longest DNA fragments were ∼1230-nt in length and accumulated at the highest Ca 2+ concentration (30 mM). Upon prolonged reaction incubation, full-length DNA products (7249-nt) were detectable with Ca 2+ but 24 h-incubation time were required compared to only 16 min with Mg 2+ (Figure 2C ). Since PabPolB is a thermostable DNA Pol (67) that is known to interact with a variety of replisome components (68, 78) , elevated temperatures and the inclusion of accessory factor may stimulate full-length DNA synthesis with Ca 2+ . During a 30-min extension increased temperature (Supplementary Figure S2B ) and the addition of the processivity factor PabPCNA (Supplementary Figure S2C ) did little to enhance the extension rate to levels comparable to Mg 2+ .
Single nucleotide incorporation by PabPolB in the presence of Mg 2+ or Ca 2+
To determine if catalytic metal ion plays any role in DNA polymerase fidelity single nucleotide incorporation assays were carried out with each of the four dNTPs and the defined primer-template (Cy5-labeled primer, 26 bases long, annealed to a template 34 bases in length) ( Figure 3A ). As can be seen in Figure 3B , PabPolB exo+ incorporated cytosine (∼27%) opposite guanine in the presence of Mg 2+ on this primer-template, although a very weak thymidine insertion (∼2%) was also detectable. When Mg 2+ was substituted by Ca 2+ , cytosine was exclusively inserted opposite guanine (∼32%). Similar results were obtained with the exo− variant of PabPolB on the same primer-template from which single incorporation was slightly enhanced due to its inability to proofread mistakes ( Figure 3C ). While cytosine was mostly inserted opposite guanine with Mg 2+ or Ca 2+ , thymidine incorporation also occurred. Independently of the PabPolB used in the presence of Ca 2+ cytosine incorporation appeared slightly higher than with Mg 2+ , while misincorporation was reduced.
Effect of Mg 2+ or Ca 2+ on the steady-state kinetics of wildtype and exonuclease-deficient PabPolB
Steady-state kinetics is addressed by standing start reactions as described in 'Materials and Methods' section, and previously published (73) . In these conditions, nucleotide incorporation reactions obey Michaelis-Menten kinetics (Supplementary Figure S3 ) and both PabPolB (exo+ and exo−) incorporated the correct dC opposite template G with slight increased incorporation efficiency (k cat /K m ) in the presence of Ca 2+ ( Table 1 ). The apparent K m values for the incorporation of cytosine opposite template G were always lower with Ca 2+ compared with Mg 2+ . Respectively, an ∼2-fold and ∼5-fold reduction factor is conferred by the exo− and exo+ variants. While having nearly identical turnover rates (k cat ) in cytosine incorporation using Ca 2+ , these values increased about two-three times with Mg 2+ . Incorrect incorporation of dT by PabPolB exo− resulted in higher apparent K m values and ∼6-fold reduction of the k cat value with Ca 2+ compared with Mg 2+ . Catalytic efficiencies for incorrect dT is therefore strongly impaired compared to the complementary dC, having much higher dramatically reduced efficiency in the presence of Ca 2+ as judged by the ∼15-fold dropped k cat /K m value. Overall these results suggest that Ca 2+ seems to play a role in nucleotide selectivity and affects the rate of steady-state turnover of PabPolB.
Ionic accessibility of polymerase and exonuclease active sites
In order to determine whether Ca 2+ can enter the exonuclease active site, despite its failure to support DNA degradation, ion displacement assays were performed with either fixed concentrations of Mg 2+ and increased concentrations of Ca 2+ (displacement by Ca 2+ ), and the reverse (displacement by Mg 2+ ) in the presence of p/t ( Figure 4B and C) without dNTPs. When pre-incubated with different concentrations of Mg 2+ , PabPolB exonuclease activity progressively became repressed by Ca 2+ titration ( Figure 4B ). The resulting loss of activity particularly occurred at equimolar Mg 2+ and Ca 2+ concentrations ( Figure 4B , to see the bands area framed in black). In the reverse experiment using PabPolB pre-incubated with Ca 2+ (displacement by Mg 2+ ), the exonuclease activity was gradually restored by titrating Mg 2+ and the enhancement of activity was more striking at concentrations ranging from 0.1 to 5 mM Ca 2+ ( Figure  4C ). At 7.5 mM Ca 2+ the activity level of primer degradation was poorly enhanced by increasing concentrations of Mg 2+ , indicating that the catalytic-competent enzymemetal ion complex was not recovered. From these results, it appears that Ca 2+ does not support cleavage activity.
Since we observed that Ca 2+ can be the polymerase catalytic metal ion, we sought to explore the replacement of metal ions in the polymerase active site. To address this question, ion displacement experiments were performed with p/t, dNTPs and increased competitor ion concentrations. PabPolB was pre-incubated with either Mg 2+ or Ca 2+ at a fixed concentration in order to obtain similar primer extension efficiency, respectively, 0.1 and 0.5 mM ( Figure 4D and E, lanes 3). As can been seen from Figure 4D , DNA polymerase activity was progressively stimulated upon addition of Ca 2+ to the Mg 2+ pre-incubated PabPolB and fulllength synthesis was detectable at 2.5 mM Ca 2+ (lane 7). In the reverse experiments, only 0.5 mM Mg 2+ to the Ca 2+ pre-incubated enzyme enhanced full-length DNA synthesis ( Figure 4E, lane 5) . These results indicate that Ca 2+ can replace Mg 2+ in magnesium-mediated DNA synthesis by The K D values for the binding of PabPolB (average ± standard deviation from at least three determinations) to a HEX-labeled primer-template (sequences given in Materials and Methods) are obtained using fluorescence anisotropy titration as described in Supplementary Figure S4 . The buffer was complemented (or not = no ion) with metallic cofactor (Ca 2+ or Mg 2+ ) and with (or without = no) saturating amounts of non-hydrolyzable nucleotides (dApNHpp for correct or dGpNHpp for incorrect incoming nucleotides).
PabPolB and vice versa. Although restoration of full activity occurred at different metal ion concentrations, Ca 2+ and Mg 2+ can clearly substitute for each other.
Roles of metal ions in primer/template binding by PabPolB
The above results suggest that Ca 2+ and Mg 2+ are exchangeable in the polymerase and exonuclease active sites. We were thus interested in determining whether the active site bound metal ion are necessary for the binding of PabPolB to the p/t, an essential step in the initiation of DNA polymerization or degradation. Fluorescence anisotropy assays were conducted to evaluate the binding to a 3 -OH primer/template with or without the correct (dApNHpp) or incorrect (dGpNHpp) non-hydrolyzable nucleotide and the exonuclease deficient PabPolB. The results show that p/t binding occurred in the absence of ions (Supplementary Figure S4 ). It is likely that the apparent K D binding constants represent the sum of any specific and non-specific DNA binding modes ( Table 2 ). On the other hand, a small but significant preference for p/t binding was observed in the presence of metal ions, with a binding activity further enhanced by Ca 2+ ions in all three cases (with or without incorrect or correct nucleotides) ( Table 2) . Interestingly, the highest affinities for p/t were detected with the correct non-hydrolyzable nucleotide in which a polymerase binding mode (ternary complex) is suspected to prevail. In this case, apparent K D values to this primer-template were ∼7 and ∼17 nM, respectively, for Ca 2+ and Mg 2+ . Table 2 indicates that PabPolB was bound less tightly to the p/t in the absence or presence of the incorrect non-hydrolyzable nucleotide. Clearly, the binding affinity of PabPolB decreased ∼5.5-fold and ∼2.5-fold, respectively, with Ca 2+ and Mg 2+ (binary complex) in the absence of nucleotide. In this particular case, exonuclease DNA binding modes might be preferentially adopted. Upon the addition of the incorrect nonhydrolyzable nucleotide to the p/t DNA, PabPolB bound with a ∼16-fold and ∼8-fold lower affinity than with the correct incoming nucleotide (ternary complex), respectively with Ca 2+ and Mg 2+ . Overall, these binding studies show that PabPolB seems to adopt a polymerase binding mode in the presence of nucleotides and that Ca 2+ ions slightly enhance the binding to p/t. Absence of the nucleotide likely triggers exonuclease DNA binding modes by PabPolB with p/t affinities further enhanced by Ca 2+ compared to Mg 2+ .
Contribution of diverse metal ions to exonuclease and DNA polymerase activities by PabPolB
The demonstration that Ca 2+ ions can enter the active sites of the exonuclease and polymerase domains (Figure 4 ) conferring, or not, functionalities prompt us to analyze whether other metal ions could substitute for catalysis. Alkali (Cs 1+ , Li 1+ ), alkaline earth (Ca 2+ , Mg 2+ , Sr 2+ , Ba 2+ ), transition metals (Ti 2+ , V 2+ , Mn 2+ , Fe 2+ Co 2+ , Ni 2+ Cu 2+ , Zn 2+ ) and the metal halide (NaBr) were thus tested for their ability to support DNA polymerization and primer degradation (Figure 5 ). In the absence of metal ions, PabPolB did not exhibit DNA synthesis while addition of either Ca 2+ or Mg 2+ triggered catalysis as expected ( Figure 5B ). Among alkaline earth metals, primer extension efficiency was the highest with Ca 2+ and Mg 2+ (∼80% extension). Moreover, increased ionic radii ≥ 1.32Å (Sr 2+ and Ba 2+ ) resulted in reduced primer extension, thus indicating size restrictions at the polymerase active site. In the presence of transition metals which have ionic radii (0.61-1.00Å), Mn 2+ was found to be a functional and robust catalytic substitute (∼80% extension) followed to a lesser extent by V 2+ (∼48% extension). In this case, most of the metals shared similar ionic radii. For alkali metals, Li 1+ supported the highest extension efficiency (∼49% extension), while Cs 1+ having a large ionic radii (1.81Å) was a poor activator. Finally, NaBr slightly promoted primer extension. Overall, efficiency of extension with different metal ions was Mn 2+ > Mg 2+ > Ca 2+ >> Li 1+ > V 2+ >> Sr 2+ > Ba 2+ = Fe 2+ > Co 2+ > Ni 2+ >> Cs 1+ > Zn 2+ . However, Ti 2+ and Cu 2+ did not activate DNA synthesis. These results highlight that a broad range of metal ions can occupy and functionally substitute at the polymerase active site. Given the diversity of metal ions that facilitate DNA polymerization by PabPolB, we sought to explore whether they might also participate in exonuclease reactions. Interestingly, only Mg 2+ and Mn 2+ promoted primer degradation while other metal ions rendered inactive the enzyme ( Figure 5C ). From these results it appears that the substitutional flexibility of metal ions at exonuclease active site of PabPolB is rather limited.
Effect of calcium on exonuclease and DNA polymerase activities by various families of DNA Pols
Although the physiological metal ion for different families of DNA Pols appears to be magnesium, they can utilize a variety of divalent cations for in vitro DNA polymerizing and cleavage reactions, this includes Mn 2+ , Co 2+ , Ni 2+ , Zn 2+ , Cu 2+ or Cd 2+ , depending on the enzyme as reviewed recently (62) . Along with our findings it has been found that DNA synthesis can be activated by Ca 2+ for the archaeal family Y Dpo4 DNA Pol (65) . Thus, we sought to analyze whether Ca 2+ usage might be expanded to other DNA Pols. To address this question, various families DNA Pols (A, B, D, Y and X) containing or not the proofreading function were tested with either Ca 2+ or Mg 2+ in primer extension and degradation assays.
As expected, Mg 2+ could support both DNA polymerase and exonuclease activities by all families of DNA Pols (Figure 6A and B) . Different levels of DNA synthesis was observed (from ∼14 to ∼99% extension) and associated to primer degradation (products shorter than the primer length) to varying degrees for all proficient proofreading enzymes ( Figure 6A ). Moreover, Mg 2+ was required to activate the exonuclease activity to different efficiencies depending on the HiFi DNA pols ( Figure 6B ). In this case, effective cleavage accounted for short products migrating at a position below the 17-nt oligonucleotide marker. Besides, higher migration products resulting from subsequent exonucleolytic degradation were also detectable ( Figure 6B,  lanes 3, 5, 9 , 12, 14, 16) . Although having an altered electrophoretic mobility running at a higher position than the 17-nt oligonucleotide marker these cleavage fragments mostly ranged from 1 to 8-nt in length as previously demonstrated (79) .
When Mg 2+ was replaced by Ca 2+ thermophilic DNA Pols retained the highest DNA polymerase activities (Figure 6C, lanes 1-3, 7, 9 , 11, 12, 14 and 15) . These results are also in agreement with the previous study showing Ca 2+mediated DNA synthesis by Dpo4 (65) . However, the level of primer extension was not very effective with mesophilic DNA Pols ( Figure 6C, lanes 4, 5, 8 and 16 ) as well as for the thermostable archaeal HiFi PabPolD ( Figure 6C, lane 6) . No DNA synthesis was observed for the two thermostable archaeal families B2 of DNA Pols (Figure 6C, lanes 10 and  13) . On the other hand, Ca 2+ never supported exonuclease degradation of the primer for all DNA Pol families excepted for the thermophilic HiFi PabPolD ( Figure 6D, lane 6) . In this case, degradation fragments migrating at a position below the 17-nt oligonucleotide marker appeared as clear bands. Although the percentage of cleavage by PabPolD is very low, this result overlaps that seen in Figure 6C wherein DNA synthesis was associated with primer degradation in the presence of Ca 2+ (lane 6). 
DISCUSSION
The data presented in this publication provide compelling evidence that Ca 2+ is used for catalysis of nucleic acid synthesis but not for the excision of the 3 -terminal base by hyperthermophilic euryarchaeal HiFi family-B DNA Pols. Compared to Mg 2+ , Ca 2+ -activation of bulk DNA synthesis is relatively slower. Consistently, a lower enzymatic rate constant for single nucleotide incorporation is observed which when extrapolated to multiple rounds of nucleotide incorporation delays full DNA synthesis. Kinetic parameters also indicate that Ca 2+ -mediated incorporation is more accurate compared to Mg 2+ when the incoming nucleotide is correct and that misinsertion events are unfavorable. These findings suggest that PabPolB is endowed with a higher fidelity of DNA synthesis in the presence of Ca 2+ metal ions, likely to counteract its Ca 2+ -inactivated exonuclease proofreading function. Binding studies show that PabPolB likely adopts a polymerase DNA binding mode in the presence of correct or incorrect incoming nucleotides and that Ca 2+ ions slightly enhance the binding to p/t. Absence of the nucleotide possibly triggers exonuclease DNA binding modes by PabPolB with p/t affinities further enhanced by Ca 2+ compared to Mg 2+ . Moreover, Ca 2+ is not an activator of primer degradation and metal ions substitution is rather limited. Only Mn 2+ which is most similar to Mg 2+ in chemical nature allows cleavage reactions. On the contrary, the substitutional flexibility of metal ions at the polymerase active site of PabPolB is expansive with Mg 2+ , Ca 2+ and Mn 2+ conferring the most efficient DNA synthesis. This study also demonstrates that Ca 2+ -driven DNA polymerization more generally applies to thermophilic DNA Pols in which family-B DNA Pols (except for B2) retain the highest efficiency.
Although our steady-state kinetic and binding analyses have provided preliminary information on metal activation with Ca 2+ by PabPolB, they were not sufficient for understanding the exact detailed reaction mechanism. It was surprising to observe that the higher catalytic efficiency for correct nucleotide insertion as well as the higher affinity for the primer-template did not confer processive DNA synthesis. Indeed, the Ca 2+ -mediated catalysis by PabPolB resulted in extension products of diminished length in the shortest time points on both synthetic oligonucleotide primer-templates and primed-M13mp18. It is therefore likely that the kinetic mechanism involves the modulation of additional intrinsic parameters during the course of DNA polymerization. Since steady-state measurements are averages of the rates for DNA polymerization and the dissociation of enzyme-DNA complex, pre-steady-state analysis of single turnovers catalyzed by PabPolB would represent an ideal method to provide kinetic schemes of the reaction with Ca 2+ compared to Mg 2+ .
Thanks to the recent development of time-resolved crystallization method allowing the capture of ternary structural intermediates (pre-catalytic, reaction-state and postcatalytic structures), the DNA polymerase catalytic cycle has been revised. A third metal ion ('C' site) is likely to be essential in activating the chemical reaction in mesophilic families X and Y DNA Pols (35) (36) (37) 80) . In these time-lapse experiments, pre-catalytic ternary complexes are always ob-tained with Ca 2+ ions because of its inability to trigger DNA synthesis, and structural overlays reveal subtle difference between Ca 2+ and Mg 2+ coordination geometries at the active site aspartate residues. The longer metal-atom target distances, variable metal-atom numbers and larger atomic radius might explain why Ca 2+ ions are not ideally suited for catalysis compared to Mg 2+ (81) . In addition the dynamics of Ca 2+ ion positioned at a varied environment surrounding the C-site might disfavor the threemetal ion catalysis (38) . This assumption agrees with the impaired DNA polymerization by most of the mesophilic DNA Pols in the presence of Ca 2+ in our study ( Figure  6C ). In contrast, Ca 2+ -activated DNA synthesis is observed with thermophilic DNA Pols (archaeal families B and Y, bacterial family A Taq Pol) in which, presumably, a three metal ion mechanism takes place. In Dpo4, these findings are corroborated by subtle changes in the overall architecture and active-site conformations from the structures of ternary Mg 2+ -and Ca 2+ -complexes (66) . The active site geometry, metal position and composition occupying both the canonical A and B sites are consistent with a preformed Pol/DNA/nucleotide catalytic complex. Regards to the fully alignment of the 3 -OH of DNA primer and incoming dNTP (also observed in mesophilic families X and Y DNA Pols), Ca 2+ activation awaits the transitory metal ion to occupy the C-site. Interestingly, thermal motion of the fully aligned reactants is proposed to support the transient entrance of metal C in the revised three-metal ion catalysis. As such the third metal ion neutralizes the negative charge in the transition state and facilitates phosphodiester bond formation (36, 38) . Consistently, the higher temperature reaction required for both Mg 2+ and Ca 2+ activation might confer an increased flexibility of the polymerase active site of PabPolB to optimize the DNA polymerizing activity at physiological temperature. Interestingly, the regulation of optimal active site flexibility has been recently described in the literature for other thermophilic enzymes (82, 83) . For PabPolB, Ca 2+ or Mg 2+ concentrations and the general reaction process are almost indistinguishable with only ∼3.5fold reduction in enzymatic rate constant for Ca 2+ . In this case, calcium dynamics within the active site might not be as ideal as Mg 2+ , possibly delaying enzyme-catalyzed critical steps (adopting the exquisite coordination geometries and metal-ligand distances, positioning of the third metal, releasing of PPi). Thus, it would be interesting to experiment time-lapse X-ray crystallography to more clearly understand the chemical kinetic mechanism of Ca 2+ -activated DNA synthesis by PabPolB, to which Ti 2+ ion represents a good non-catalytic metal surrogate ( Figure 5B ). Combined to pre-steady-state analysis, PabPolB could therefore provide a good model for Ca 2+ -catalyzed nucleotidyl transfer reactions in terms of metal ion specificity, nucleotide specificity, fidelity and processivity.
In our study, the bacterial mesophilic family A Klenow Pol displays DNA polymerization in the presence of Ca 2+ which is lower than thermophilic enzymes ( Figure 6C ). This result is consistent with a previous work accounting for nucleotide incorporation. In these experiments, Mg 2+ is replaced by Ca 2+ in order to slow the reaction rate sufficiently to allow real-time monitoring of primer extension (11) . Like (75, 84) . For instance, it has been shown that SsoPolB1 exhibits the strongest DNA polymerase and 3 -5 exonuclease activities, while B2 and B3 DNA Pols were less efficient (76) . Besides, detailed phylogenetic analyses and amino acid alignments highlighted no striking differences among families B DNA Pols, especially within DNA Pol domains. B1 and B3 DNA Pols are well-represented in Archaea and share almost conserved polymerase and exonuclease motifs, while B2 DNA Pols show a patch distribution in most archaeal lineages and have missing exonuclease motifs (85-87). The fact that B2 DNA Pols are not active with Ca 2+ might be explained structurally by their truncated exonuclease domain, thereby influencing the overall architecture of the enzyme and impeding the optimal configuration of the polymerase active site.
Our findings are illustrated in the diagram in Figure 7A , which describes the altered in vitro kinetic parameters when Mg 2+ is replaced by Ca 2+ (or vice versa). Compared to Mg 2+ , Ca 2+ confers a higher accuracy of nucleotide incorporation, slows the catalytic rates and prevents misinsertion events by PabPolB. Coupled with this, Ca 2+ confers a higher stabilization of PabPolB on p/t, a change that is observed in both polymerase and exonuclease DNA binding mode. On the other hand, Ca 2+ is not an activator of primer degradation by PabPolB and represents a potent inhibitor of Mg 2+ -mediated exonuclease activity. A hybrid exonuclease active site containing both metals is either much less active, or more susceptible to inhibition by Ca 2+ . The presence of two Mg 2+ /Ca 2+ ions or two Ca 2+ ions possibly disrupts the optimal active site configuration. Thus, our data suggest that the polymerase and exonuclease active sites of the euryarchaeal hyperthermophilic family B DNA Pol evolved different chemical and physical constraints on catalysis. Upon variation of metal ions levels, it provides the possibility to tune catalytic functions by PolB without disturbing its biological activity in archaeal cells. An in vivo scenario is presented in Figure 7B . Under conditions where Mg 2+ intracellular concentration is imbalanced, Ca 2+ can substitute for nucleotide incorporation, thus allowing cells to synthesize DNA. While exonuclease correction is inactivated, Ca 2+ slows but renders DNA synthesis more accurate that decreases the probability of mutagenicity. Recovery of physiological Mg 2+ concentration then ensures that both the corrective 3 →5 exonucleolytic and DNA polymerases activities are activated, conferring high fidelity and processive DNA synthesis. Although our working model awaits the full determination of intracellular metal ion concentrations in such a microorganism, there are indications that Archaea evolved elaborate mechanisms to maintain adequate metal ions homeostasis (88, 89) . Like for eukaryotes (90, 91) , it is possible that elevation of Ca 2+ concentration takes place during replication stress or damage in Archaea. Thus, the effect we have observed in vitro with Ca 2+ for PabPolB might occur in vivo. Depending on the stage in the cell cycle in which Ca 2+ spikes occur, the recruitment of accessory proteins or enzymes for rendering PabPolB more processive might be specifically regulated and adapted to the DNA synthesis processes (e.g. specialized DNA repair mechanisms, post-replicative repair pathways, translesion DNA synthesis, etc.). In support of this hypothesis, the activation of appropriate DNA repair mechanisms in human cells exposed to ionizing radiation have been shown to be dependent on the cell cycle and measurements of the DNA repair patch sizes clearly reflected the operation of particular pathways (92) .
On the other hand, our hypothesis that metal-ion catalysis for DNA polymerization involves a combination of metal ions remains to be addressed. To our knowledge, there is no related literature for HiFi DNA Pol which, when available, remains restricted to mesophilic bacterial topoi-somerase IV (93) and archaeal topoisomerase III (94) . Our study also describes the exonuclease catalytic incompetency for primer degradation by PabPolB which expands to most of the HiFi DNA Pols tested in that study, except for the family D DNA Pol. Interestingly, the exonuclease domain of PabPolD which shares striking structural similarities to the Mre11 exo−/endonuclease likely accounts for the unusual Ca 2+ -activated DNA degradation (50) . So far, the use of Ca 2+ ions in the DNA cleavage reaction has been documented for diverse nucleases and topoisomerases from Archaea to Bacteria (93) (94) (95) (96) (97) .
